Modulation of the tumour microvasculature has been demonstrated to affect the effectiveness of radiation, stimulating the search for anti-angiogenic and vascular-disrupting treatment modalities. Microbubbles stimulated by ultrasound have recently been demonstrated as a radiation enhancer when used with different cancer models including PC3.
Introduction
Radiation therapy is a modality used in the treatment of many malignancies. Inducing cancer cell death directly by disruption of DNA is the primary mechanism of action of ionizing radiation. A second mechanism involves radiationinduced endothelial cell damage and endothelial cell death within the tumour microvasculature leading indirectly to cancer cell death (1) . Enhancing the effects of radiation by additional targeting of either of these pathways could translate to more effective treatments at less toxic doses. One method of increasing radiation tumour responses in vivo involves the use of ultrasoundmediated microbubbles to disrupt endothelial cells within tumour microvasculature (2) (3) (4) (5) .
Microbubbles are small (3-4 µm) bubbles of gas encased in a stabilizing lipid or protein coat. They are small enough to pass through microvasculature, but too large to extravasate through intact endothelial cell linings, making them good candidates for imaging vascular beds. In diagnostic ultrasound, microbubbles in circulation produce an acoustic impedance mismatch, a property which has been exploited for their use as contrast agents (6, 7) . Low to moderate acoustic pressure (200 kPa with a MI  0.05) delivered from ultrasound results in microbubble oscillation. At higher acoustic pressures, pronounced expansion and contraction can lead to inertial cavitation and microbubble contrast agent destruction (8) . The force of this destruction has the capacity to damage endothelial cell linings and cause capillary ruptures (9) (10) (11) . A side effect to be avoided in diagnostics, this can be harnessed in the treatment of malignancies where microvascular damage within the tumour is desirable (12) . We have previously demonstrated in prostate and bladder tumour xenografts models that this ultrasound-induced perturbation of tumour vasculature can result in increases of radiation-induced cell death. Experiments have demonstrated increased to 40-60% tumour cell death with a single 2 Gy fraction of radiation when combined with ultrasoundstimulated microbubble vascular perturbation with synergistic effects of the two treatments. The exact mechanism appears to be related to the induction of ceramide formation in endothelial cells which when combined with radiation causes increased levels of cell death. Experimentally, inhibition of this pathway chemically in vitro and in vivo inhibits the cell death inducing effects of microbubbles on endothelial cells. In addition, key molecules related to a cellmembrane and ceramide-induced cell death pathway have been indentified by gene-expression analyses using genechip and quantitative-PCR methodologies (2) (3) (4) . Effects of such treatments are recognized to cause creases in tumour blood flow due to the destruction of blood vessels. Although hypoxia can cause decreases in sensitivity to radiation in those treatments abrogation of blood flow causes an enhancement in cell death. Here we investigate the effects of these treatments using non-invasive monitoring using photoacoustic imaging methods.
Power doppler imaging has been used in the past to visualize tumour microvasculature damage after radiation and antiangiogenic treatment (13) or combined ultrasound-mediated microbubble and radiation therapy (2), but photoacoustic imaging represents an opportunity to overcome limitations of power doppler in vivo. One such limitation is the production of image artifacts (elevated noise from power doppler imaging motion artifact) caused by movement of tissues near blood vessels. In power doppler imaging of small vessels, necessary filter parameters allow such artifacts to escape filtering (14) . The subjectivity of filter parameters and increased scatter signals formed by tissues near blood vessels also limits the resolution of power doppler for microvasculature imaging (14) . Photoacoustics refers to the generation of acoustic waves or other thermoelastic effects by energetic radiation. Heat production caused by a pulsed laser of a specific wavelength produces a transient thermoelastic expansion influenced by the varying optical absorptions of biological tissues. The waves generated by this phenomenon can be captured with an ultrasound transducer to produce images. Photoacoustic imaging serves as a potential tool investigating tumour response to microbubble-based vascular disruption.
In photoacoustic imaging, blood acts as an endogenous contrast agent due to optical absorptions different to those of surrounding tissue. In addition to overcoming limitations of optical imaging caused by diffuse light-scattering, photo acoustic imaging also provides information beyond the scope of power doppler capabilities. Whereas power doppler imaging is sensitive to blood flow only, photoacoustic imaging is sensitive to both flowing and relatively static blood. Oxygenated and deoxygenated haemoglobin, and their relative concentrations, can also be distinguished with photoacoustic methods depending on the wavelength of the tissue-interrogating laser pulse (15) .
The ability of photoacoustic imaging to select for physiological properties based on optical absorptions has been exploited in different ways, in particular for imaging vascularization and oxygenation of tissues. The imaging technology has been used in the identification of cancerous skin lesions as compared to vascular lesions (16) (17) (18) (19) , in the visualization of breast vasculature (20) , for the detection of neovascular ocular disease (21) , and for in vivo imaging of angiogenesis (19) . It has also been used for the functional imaging of the nervous system via changes in blood volume, O 2 consumption and cellular swelling (22) , and in the visualization of changing concentrations of oxygenated and deoxygenated haemoglobin (23) .
In the study here photoacoustic imaging was used to investigate the disruption of blood vessels of tumour microvasculature with ultrasound-stimulated microbubble-enhanced radiation. Results correlated the findings to histopathology and doppler imaging and demonstrate the use of this technology in therapy response monitoring where blood-vessels and oxygen saturation are affected. 
Materials and Methods

Cell Culturing and Generation of Xenograft Tumours
Human PC3, prostate cancer cells obtained from American Type Culture Collection (ATCC, Manassas, USA) were cultured in RPMI-1640 media, with 10% characterized serum (HyClone, South Logan, Utah, USA), and 100 U/ml of penicillin/streptomycin (Life Technologies, Burlington, ON, Canada). Tumours were grown in the hind leg of SCID-CB17 mice (Charles River, Senneville, QC, Canada) by injecting 1.0  10 6 cells subcutaneously. Treatments and imaging were carried out when tumours reached 7-8 mm diameter. Photoacoustic and power doppler imaging were performed before and 24 hours after treatment, as described further below. Four animals per experimental condition (described below) were used.
Ultrasound and Radiation Treatments
For treatments with ultrasound-stimulated microbubbles or radiation 70 µl ketamine and xylazine (750 µl of 150 mg/kg ketamine added to 250 µl of 10 mg/kg xylazine and diluted in 4 ml saline) were used to anesthetize mice. Vialmix deviceprepared definity microbubbles (perfluoropropane gas/ liposome shell; Lantheus Medical Imaging) were administered at a concentration of 3.6  10 8 microbubbles in 30 mL volumes of prepared bubbles. The final circulating concentration was selected to be higher (100-fold) than the diagnostic dose. This dose was used to ensure efficient interactions of the bubbles and microvascular walls as before (2) .
Mice were immersed in a 37°C water bath to permit ultrasound treatment and centered on the tumour. Ultrasound treatment was done as was previously described (2), tumours were exposed to acoustic waves as previously described (2), where tumours were subjected to a 16-cycle burst at a pulse repetition frequency of 3 kHz with a 10% duty cycle for a duration of 50 ms. This resulted in a 750 ms exposure over 5 minutes of treatment time, with an average duty cycle of 0.25%. This sequence was designed to allow blood vessels to refill with bubbles during a treatment time of 300 seconds (5 minutes) (2). For ultrasound exposures, a focused central frequency 500 kHz transducer (IL0509HP, ValpeyFisher Inc, MA) with a 28.6 mm transducer element diameter was used. This was attached to a micro-positioning system, and a waveform generator (AWG520, Tektronix, OR), a pulse-receive power amplifier (RPR4000, Ritec Inc, RI), and a digital-acquisition system (Acquiris CC103, Agilent Technologies, NY). The ultrasound peak negative pressure was 570 and 750 kPa for experiments measured with a calibrated hydrophone. The 6 dB beamwidth was 31 mm and the 3 dB beam-width was 18 mm.
After ultrasound exposure, mice were lead-shielded and only tumour was exposed to ionizing radiation (Faxitron Cabinet X-ray; Faxitron X-ray LLC) at doses of 0, 2, or 8 Gy in single fractions at a dose rate of 200 cGy/minute using 160 kVp X-rays. Mice were kept for 24 hours and then sacrificed for histopathology. Mice receiving no treatment, mice receiving only ultrasound-activated microbubbles, and mice receiving only radiation at doses of 2 and 8 Gy were used as controls.
There were nine treatment groups consisting of treatments of 0, 2, and 8 Gy combined each with microbubbles in the presence of 0, 570, and 570 kPa in sonifying ultrasound pressure.
Histopathology and Immunolabeling
Samples were fixed overnight at room temperature in 1% parformaldehyde. Paraffin embedding, sectioning, and haematoxylin and eosin staining were done by the histology facility at Sunnybrook, Toronto, Canada. In-situ end labeling (ISEL) to identify regions of cell death, and CD31 immunolabeling to delineate vascularization were prepared at University Health Network Pathology Laboratory, Toronto, Canada. For analyses random regions of interest were chosen for each tumour and a normalized CD31-based vascular index (VI) was calculated. The VI was defined as the ratio of stained intact vessels to total vessels (including stained and unstained vessels).
Photoacoustic Imaging
Photoacoustic imaging to detect the oxygen saturation of blood was undertaken before and 24 hours after treatment using a Visual Sonics 2100 coupled to a visual Sonics LZR device (Visual Sonics, Toronto, Canada) (24) . An LZ-250 transducer with a central frequency of 21 MHz and a gain of 20 dB was used for all imaging. Photoacoustic data obtained at two different wavelengths, 750 nm and 850 nm was used to determine deoxygenated and oxygenated haemoglobin. Twelve to fifteen slices were individually analyzed per tumour. The same regions of interest were used for all analyses.
Ultrasound Doppler Imaging
Doppler ultrasound imaging was carried out to detect blood flow in tumours before and 24 hours after treatment using a VEVO-770 (Visual Sonics, Toronto, Canada) with a central frequency of 25 MHz, and an RMV-710B transducer. Power doppler imaging was done using a wall filter of 2.5 mm/s, a step size of 0.2 mm, a scan speed of 2 mm/s, and a 20 dB gain setting. Power doppler data were analyzed to determine vascularization index defined as the relative volume occupied by doppler signal within a tumour volume (25) using MATLAB. Mice were anesthetized as for therapy and photoacoustic imaging.
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Light Microscopy
For microscopy of specimens on slides, a Leica DC100 microscope was used with a 20X objective coupled to a Leica DC100 video camera wired to a 2 GHz PC running Leica IM1000 software (Leica GmbH, Germany). Cell death areas were quantified in histology and immunohistochemistry tumour sections assisted by the use of Image-J (NIH, USA) macroscopically to detect ISEL positive areas in tumour sections. At higher magnifications (40X) apoptotic cells were counted manually by identifying typical apoptotic bodies.
Statistical Analysis
Statistical analyses included one-way ANOVA testing of the ISEL, photoacoustics data and for the histological assessments of vasculature data. T-test analyses were also used to evaluate the significance of differences between the individual treatment conditions. Analysis of variance (ANOVA) was used to determine effects on the basis of variance. This is based on a comparison of variance between items to variance within items using a sum-of-squares approach to compute variances. A P  0.05 was used to indicate statistical significance (Graph Pad/InStat 3.0, La Jolla, CA, USA).
Results
Treatments were undertaken as before with results indicating effects on vascular function in terms of photoacoustics data, blood flow as assessed by power doppler and photoacoustics. Figure 1 presents representative results of photoacoustics data in addition to corresponding power doppler data for selected treatment conditions. Photoacoustic imaging was undertaken of tumours treated with all experimental conditions, measuring oxygen saturation, and total haemoglobin. Data indicate changes in detectable blood flow most prominently with the combined treatment of ultrasound-stimulated microbubbles and 8 Gy radiation as before (2) . More subtle changes in the total haemoglobin and oxygen saturation maps were apparent. Again the combined treatment condition of the ultrasound-stimulate microbubbles and 8 Gy appeared to cause a shift in detectable oxygen saturation toward deoxygenated values.
Photoacoustics data was assessed quantitatively averaging results over the tumour volumes. Significant decreases in oxygen saturation were observed across all treatment conditions where does of radiation and/or ultrasound-stimulated microbubbles were administered (P  0.05), as measured by one-way ANOVA. Specific significant difference was also noted between control and 8 Gy combination group, 570 kPa (P  0.014) (Figures 1 and 2 ). Total haemoglobin measures indicated similar trends, which were obvious but not significant ( Figure S1 ).
Treatments using 8 Gy and microbubbles resulted in oxygen saturation decreasing by 28  10% at 570 kPa and 25  29% at 750 kPa, which corresponded to 44  9% and 40  14% respective decreases in blood flow as measured with power doppler. Corresponding histology indicated 31  5% at 570 kPa and 37  5% at 750 kPa in terms of tumour cell death in sectional histology. There were decreases in oxygen saturation which increased with increasing radiation dose and with increasing ultrasound pressure. Similar trends were observed with high-frequency power doppler measurement of blood flow.
Power doppler measures of blood flow indicated significant reductions in blood flow when 8 Gy radiation was included in the treatment condition (Figures 1 and 2 ). Treatments with 8 Gy alone (P  0.014) and 8 Gy combined with ultrasoundstimulated microbubbles with both ultrasound pressures, 570 kPa (P  0.001) and 750 kPa (P  0.0016), were significantly reduced as compared to control (described above).
In order to investigate the implications of photoacoustic and power doppler findings further, standard histological staining and analyses of immunolabeling for cell death and vascular staining were undertaken. Specifically, ISEL and CD31 staining were undertaken to determine areas of cell death and intact vascular indices, respectively. Significant differences in areas of cell death were detected across conditions ( Figures 3 and 4) as measured by one-way ANOVA (P  0.05). There were increases in cell death with increases in radiation dose and with increases in ultrasound pressures used with ultrasound-stimulated microbubble treatments. In samples treated with 8 Gy and ultrasound stimulated microbubbles there were pkynotic nuclei present as well as retraction artifact indicative of apoptotic cell death in central tumour regions.
Specific differences were also detected in comparing areas of cell death in the control group to four treatment conditions; the individual treatment condition of microbubbles perturbed at 750 kPa (P  0.011) the combined treatment condition of microbubbles at 750 kPa and 2 Gy radiation (P  0.04), and both conditions combining microbubbles and ultrasound pressure with 8 Gy radiation, 570 kPa (P  0.005) and 750 kPa (P  0.002) respectively. Significant changes in vascularization were confirmed by one-way ANOVA of CD31 staining results (P  0.05) ( Figure 5 ). Evaluations using T-tests also revealed significant differences for the treatment conditions combining 8 Gy radiation with microbubbles and ultrasound pressure at 570 kPa (P  0.033) and 750 kPa (P  0.015), as well as for the condition combining 2 Gy radiation with microbubbles and 570 kPa (P  0.039). Areas of blanching were detected in the haematoxylin and eosin stained sections as visualized in our recent studies (2).
The strongest changes across all three treatment assessment modalities was found when combining 8 Gy of radiation with ultrasound-stimulated microbubbles at both pressures. We observed 28  10% (570 kPa) and 25 (P  0.002) cell death as detected by ISEL staining. Control samples showed negligible changes with sham treatments. Changes in total haemoglobin mirrored changes in oxygen saturation but were less significant ( Figure S1 ).
Discussion
In this study we used photoacoustic imaging to monitor tumour microvasculature responses to microbubble-enhanced radiation therapy. As hypothesized, treatment with a combination of ultrasound-stimulated microbubbles and radiation resulted in greater changes in oxygen saturation, total haemoglobin and blood flow than control and single treatments.
Power doppler imaging has been used previously to assess tumour responses to radiation combined with antiangiogenics (13) . Here it indicated significant decreases in blood flow when comparing control to 8 Gy treatment in combination with microbubbles at both 570 kPa (P  0.001) and 750 kPa (P  0.015). Furthermore, blood flow as measured by power doppler was significantly decreased in the 8 Gy condition, and comparable to the combined treatment at 750 kPa (P  0.014). However, there was appreciably more cell death in the combined treatments as indicated by immunohistochemistry. These findings reinforce the conclusion that ultrasound-stimulated microbubbles significantly enhance radiation-induced cell death. The apparent synergy and mechanism behind this is described elsewhere but is linked to ceramide induction due to microbubble-induced cell membrane damage which results in vascular collapse when combined with radiation. Here we investigated the effect this phenomenon has on tumour microenvironment using photoacoustics.
Photoacoustic measures of total haemoglobin and oxygen saturation paralleled power doppler analyses of blood flow; oxygen saturation was found to be significantly different across treatment conditions (P  0.05). Decreases in oxygen saturation were expected given these treatments appear to cause vascular disruption and decreases in power doppler detectable cell death. Evaluations were made at 24 hours after treatment where lack of blood flow would be expected to cause decreases in oxygen saturation and hypoxia. Although this occurs, repeated treatments (2) have been demonstrated to be more efficacious in terms of tumour growth inhibition and curability of tumours. It is likely that this is not relatively mild hypoxia which permits cellular viability and can inhibit radiation effects but a level of hypoxia consistent with vascular disruption causing tumour cell death centrally in tumours. The photoacoustic imaging carried out noninvasively here indicates progressive decreases in saturation with increasing radiation doses and increasing ultrasoundstimulated microbubble vascular perturbation. The photoacoustic measurement for samples treated with the highest insonifying peak-negative pressure demsontrated the greatest variability. This could be due to animal variability or a transient change in oxygen saturation related to the vascular destruction induced by treatments. Hypoxia has been recognized to have dynamic changes rather than being a static condition.
Photoacoustic and power doppler findings were supported by histological assessments of cell death and vascular indices. Significant decreases were detected in vascular indices, as measured by endothelial cell CD31 staining, and these findings were supported by increases in cell death as detected with ISEL. Significant differences were seen in vascular indices across treatment conditions (P  0.05). Specific differences in vascular indices were also revealed when comparing combined treatments to control conditions; 8 Gy combined with microbubbles at 570 kPa (P  0.033) and 750 kPa (P  0.015), and 2 Gy combined with microbubbles at 570 kPa (P  0.039). Significant differences in percentage of cell death were likewise seen across conditions (P  0.0103). In comparing cell death measurements in control groups to several treatment conditions, specific differences were also observed; 8 Gy combined with microbubbles at 570 kPa (P  0.005) and 750 kPa (P  0.002), and 2 Gy combined with microbubbles at 750 kPa (P  0.04).
We have previously demonstrated that vascular perturbation using ultrasound-mediated microbubbles enhances tumour responses to radiation (2), but photoacoustic monitoring of this effect is novel. Prior trials with this type of treatment centered on determining the efficacy of microbubbles, comparing these results with other reported anti-angiogenic treatments, and optimizing dose combinations. Tran et al. (4) established ultrasound-activated microbubbles to be effective anti-vascular agents, found that these anti-vascular effects increase the efficacy of radiation treatment, and showed that tumours did not show the vascular regeneration displayed in other anti-vascular treatments when treated with microbubbles and radiation (25) . Further enhancement may be obtainable using targeted microbubbles. Nevertheless, in testing different combinations of microbubble concentrations, ultrasound pressures and radiation doses, Kim et al. concluded that while increasing microbubble concentrations and radiation doses results in increased cell death, this enhancement reaches a plateau as ultrasound peak negative pressure increases (26) . In this type of treatment (2) hypoxia up to a certain level may desensitize tumour regions to radiation however above a threshold it causes death. With ultrasoundstimulated microbubble radiation enhancement vascular destruction starves a tumour of significant blood supply and tumour cell death ensues.
Those investigations utilized histological assessment of vascular disruption and cell death, and power doppler blood flow indicators to monitor treatment efficacy. Power doppler gives information about overall blood flow in an area and is sensitive to low flows, and other studies have likewise demonstrated the benefits of power doppler as a monitor of tumour blood flow in response to anti-vascular agents (27) (28) (29) (30) .
Power doppler has several limitations in imaging tumour microvasculature responses to treatment. These include generation of image artifacts brought about by tissue movement near blood vessels, subjectivity of filter parameters, and scatter signals formed by nearby tissues (14) . If properly optimized, photoacoustics has the potential to complement power doppler as an imaging modality in this context. Sensitive to both flowing and static blood, photoacoustic imaging can overcome limitations of doppler in imaging tumour microvasculature. It can also provide additional physiological information useful in the clinical monitoring of antivascular treatments, such as total haemoglobin and blood oxygen saturation (15) . As photoacoustic imaging does not depend on flow, it is not susceptible to artifacts caused by nearby tissue movement and can potentially indicate the haemoglobin levels present with vascular rupture. With power doppler, avoiding these artifacts in the clinical setting would require a high level of subject cooperation to limit movement, and could limit its usefulness in this context in a clinical setting. Imaging tumours near the heart or other pulsatile organ would present further challenges (31) . The resolution of photoacoustic imaging is likewise not limited by the subjective filter parameters of power doppler and scatter signals from nearby tissues (14) . It is the potential of photoacoustics to overcome limitations of power doppler, and the increased scope of information it can provide which makes it such an attractive imaging modality for monitoring this type of treatment.
Monitoring radiation treatment responses is attractive clinically as predicting tumour response may facilitate early changes to or termination of the treatment regimen. This permits more patient specific dose combinations, optimizing tumour response while ensuring minimal toxicity to healthy tissue. While short-term monitoring is not routinely used in conjunction with cancer therapy, the possibility is being explored. Adaptive radiotherapy integrates daily images into radiation treatment, allowing for treatment plan modification in the form of field margin and treatment dose, and has been considered in head and neck, pelvic, prostate, and lung cancer patients (32) . Change in uptake of fluorine-18 2-fluoro-2-deoxy-d-glucose (FDG) has been established by PET as a reliable indicator of tumour cell death, and has been used clinically to monitor response to treatment in soft tissue and musculoskeletal carcinomas (33) . FDG-PET has also been investigated for use with non small cell lung carcinoma (34) , and has been used in adaptive radiotherapy for improving dose coverage of cervical cancer patients (34) . Uptake of 99mTc-HL91 has also been used to monitor tumour sensitivity and response to radiation therapy in mouse models (36, 37) . Dual modality PET/CT has been successfully used in monitoring the response of gastrointestinal stromal tumours to imatinib (38) . While these modalities offer the information required to individually tailor patients' treatment, issues of invasiveness and cost impede their implementation on a wider scale.
Despite these advances in cancer therapy monitoring, an inexpensive, fast, non-invasive modality has yet to be established as feasible for routine imaging. Photoacoustic monitoring of tumour microvasculature response to treatments of this type is a relatively novel modality, and represents a possibility for this type of routine imaging. Further work with microbubble-enhanced radiation therapy and other antivasular agents should incorporate photoacoustic imaging in conjunction with power doppler and histological assessment to optimize the technology and to ensure consistency in the imaging modality. In particular, investigating the usefulness of photoacoustic imaging with different cell lines and larger tumour sizes would be valuable, as tumour blood flow can vary across tumour types. Larger sample sizes and longer-term treatment regimes will also help determine the suitability of photoacoustics for this type of imaging in a clinical setting.
